The concentrations of rare earth elements (REE) were determined by ICP-MS in dominant seaweed 12 species, collected from three locations of the northwestern Mediterranean Sea. This is the first study 13 to define levels and patterns of REE in macro algae from these coastal areas.
Introduction

31
Rare earth elements (REE) are a group of chemical elements including yttrium (Y), scandium (Sc) 32 and lanthanides (from lanthanum to lutetium). Despite their name, REE are not that rare in the 33 natural environment, being the fifteenth most abundant component of the earth's crust (USEPA, 34 2012). REE are further subdivided into light REE (LREE), including lanthanum (La), cerium (Ce), 35 praseodymium (Pr), neodymium (Nd) and samarium (Sm); and heavy REE (HREE), including 36 gadolinium (Gd), europium (Eu), terbium (Tb), dysprosium (Dy), thulium (Tm), ytterbium 37 (Yb), holmium (Ho), erbium (Er), lutetium (Lu) and yttrium (Y) (Anastopoulos et al., 2016) . 38 REE mainly enter into oceans through atmospheric fallout (De Baar et al., 1983) and fluvial inputs 39 (Frost et al., 1986) , and have been frequently investigated as natural tracers of biogeochemical 40 processes (Oliveri et al., 2010) . As the distribution patterns of REE in the water column are 41 already known, it is possible to utilize these patterns for tracing water masses or to identify 42 pollution sources in seawater (Censi et al., 2004) . 43 In fact, in the last decade, the worldwide use of REE in industrial applications (electronics, nuclear 44 energy, metallurgy, medicine, computer manufacturing) and in some countries (such as China) for 45 use in fertilizer and feed additives, has increased levels of REE in water environments (Mashitah et 46 al., 2012; Hermann et al., 2016) . Thus, REE can be considered as emerging contaminants and pose 47 a potential risk for marine and freshwater ecosystems.
The first sampling site was located in Bergeggi (SV), a Marine Protected Area of the Ligurian Sea 81 (44°14'26. 94"N, 8°26'50. 98"E, General Reserve named B zone.) Here, human activities are 82 restricted and regulated by the Italian law. Close to this site is located the industrial and commercial 83 harbor of Vado Ligure (SV), characterized by high shipping traffic.
84
The second site was in the Island of Elba (Tyrrhenian Sea, 42°42'35. 17"N, 10°24'44. 97"E) , five 85 nautical miles off the Tuscan coast. Elba is the most populated island of the Tuscan archipelago, 86 especially in summer.
87
The third sampling site was located in the little Capraia Island, (43°4'26. 90"N, 9°49'39.63"E, 
91
Seaweed samples were collected in summer 2016. After collection, the macro algae were washed on 92 board with seawater and then stored in refrigerated conditions. The specimens were transported to 93 the laboratory and examined under the stereomicroscope, after being cut into thin sections, in order 94 to identify the macro algae species. Before analyzing the seaweeds for REE content in the chemical 95 laboratory, samples were rinsed with tap water, followed by a rinse with distilled water, then freeze-96 dried and homogenized to obtain a fine powder. Approximately 1-1.5 g of each sample were tubes. 7 mL of HNO 3 (70% v/v) and 1.5 mL of H 2 O 2 (30% v/v) were then added before the 106 microwave digestion process, programmed as follows: heating to 130°C in 8 min, hold for 2 min, 107 heating to 200°C in 8 min, hold for 5 min; cooling for 30 min. Digested samples were then 108 quantitatively transferred to 50 mL polypropylene tubes and gravimetrically diluted to a final 109 weight of 50 g with ultrapure water. to verify performances of the methods. The limit of quantification (LOQ) was 0.010 mg Kg -1 .
116
Results were expressed in mg Kg -1 dry weight as the mean for each site with standard deviation; the 117 sum of REE (ΣREE), of light REE (LREE) and of heavy REE (LREE) are also shown (Table 1 ).
118
Statistical analysis 119
The one-way analysis of variance (ANOVA) was employed to compare the average contents of the 120 sum of REE (ΣREE) in macro algae between the three sampling sites and between the macro algae 121 species in the same site ( Table 2 ). The unpaired t-test was used to compare the average contents of 122 ΣREE in macro algae between sites 2 and 3. Results were considered statistically significant at p 123 values of < 0.05. Graph Pad Statistics Software Version 6.0 (GraphPad Software, Inc., USA) was 124 used for statistical evaluations. Table 1 (mg Kg -1 dry weight). REE and ΣREE are 132 also graphically presented for the three sites ( Figure 2 ) and for the analyzed seaweeds (Figures 3   133 and 4), to facilitate comparison.
134
A high variability in REE concentrations between the three sampling sites and between species was 135 recorded; the REE concentrations, however, consistently followed the same trend, and 136 concentrations of LREE were always higher than HREE. Sites 2 and 3 seem to be less affected by anthropogenic contamination, and REE mean values were 160 half of those registered in site 1.
161
In Table 2 , the comparison between the ΣREE by one-way ANOVA showed a highly significant 162 difference in concentrations between the three locations (p < 0.0001). However, the comparison 163 between only sites 2 and 3 using the unpaired t-test resulted in a non-significant difference (p > 164 0.05), highlighting that site 1 showed very different levels of REE in seaweeds, while between sites 165 2 and 3, ΣREE values did not differ significantly. concentrations differed in the same species in the two green macro algae F. petiolata and C. bursa 182 from the three sites; the brown macro alga P. pavonica showed almost the same levels of REE in 183 sites 2 and 3, but a higher value in site 1.
184
As shown in To define a normalized REE pattern ( Figure 5) patterns in seaweed species collected in the Pacific Ocean (Japan). They found that seaweeds 243 accumulated REE at levels 10 3 times higher than concentrations detected in seawater, and that the 244 accumulation factor was higher for the heavy REE.
245
In order to estimate the bio concentration factor (BCF), which is defined as the accumulation of a L -1 (Yb) to 0.0029 µg L -1 (La). In fact, as REE partitioning is controlled by complexation and 249 binding constants on an ocean-wide basis (Sholkovitz et al., 1994; Strady et al., 2015) , we decided 250 to apply them on a regional basin-wide basis, with the approach already utilized in the study by 251 Strady and co-authors (2015).
252
BCF was usually expressed as the ratio of the concentration of the chemical in the organism and in 253 water; our findings are shown in Figure 6 .
254
The BCFs were expressed in the following decreasing order:
In a previous investigation in the studied area (Squadrone et al., under review), we found that 258 different macro algae accumulated trace elements from seawater to different extents, and that brown 259 and green macro algae had higher values than red macro algae. In fact, in seaweeds from site 1, 260 important concentrations of iron, aluminum, manganese, copper, nickel and chromium were 261 registered.
262
In this study, the same site (Bergeggi, SV) showed the highest levels of REE.
263
We suggest that REE concentrations in macro algae from sites 2 and 3, being non-contaminated 264 areas, could constitute a baseline record for these elements in Mediterranean seaweeds, due to their 265 characteristic elemental profile. In the presence of anthropogenic sources, such as in site 1, this 266 unique profile was altered, and we can, therefore, suggest the use of REEs as pollution tracers. Sampling sites, study area.
Figure 2a
Rare earth elements in macro algae from three Northwestern Mediterranean locations (mg Kg -1 dry weight, log scale).
Figure 2b
Box-plot diagrams of ΣREE (mean ± SD) in the three sampling locations (mg Kg -1 dry weight).
Figure 3
Box-plot diagrams of ΣREE (mean ± SEM) in the macro algae species (mg Kg -1 dry weight) from the three examined locations.
Figure 4
REE distribution (mg Kg -1 dry weight) in Flabellia petiolata, Codium bursa and Padina pavonica in the three sampling sites.
Figure 5
Chondrite (Leedey, Oklahoma) normalized patterns of REE in Northwestern Mediterranean macro algae (log scale).
Figure 6
Bioconcentration factors in macro algae from the Northwestern Mediterranean Sea.
